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Available online 29 December 2014AbstractA comprehensive 3D turbulent CFD study has been carried out to simulate a Low-Head (LH) vertical Direct Chill (DC) rolling ingot caster
for the common magnesium alloy AZ31. The model used in this study takes into account the coupled laminar/turbulent melt flow and solid-
ification aspects of the process and is based on the control-volume finite-difference approach. Following the aluminum/magnesium DC casting
industrial practices, the LH mold is taken as 30 mm with a hot top of 60 mm. The previously verified in-house code has been modified to model
the present casting process. Important quantitative results are obtained for four casting speeds, for three inlet melt pouring temperatures (su-
perheats) and for three metal-mold contact heat transfer coefficients for the steady state operational phase of the caster. The variable cooling
water temperatures reported by the industry are considered for the primary and secondary cooling zones during the simulations. Specifically, the
temperature and velocity fields, sump depth and sump profiles, mushy region thickness, solid shell thickness at the exit of the mold and axial
temperature profiles at the center and at three strategic locations at the surface of the slab are presented and discussed.
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Magnesium and many of its alloys are the lightest among
all engineering metallic materials in use today. When
compared with aluminum, magnesium is about 36 pct lighter,
while it is about 78 pct lighter compared to steel [1,2]. Mag-
nesium and its alloys have better desirable properties, such as
specific strength, stiffness, castability, damping capacity,
machinability, shielding capacity, recyclability, etc compared
to the most widely used materials like steel and aluminum* Corresponding author. Tel.: þ1 514 398 2524, þ1 514 924 8542 (mobile);
fax: þ1 514 398 4492.
E-mail addresses: Mainul.hasan@mcgill.ca (M. Hasan), Latifa.begum@
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2213-9567/Copyright 2014, National Engineering Research Center for Magnesium Alloys of China, Choalloys. Demand for magnesium alloys is increasing each year
particularly in automotive, electronics and aerospace in-
dustries where weight-saving engineering solutions are
continuously being searched for reducing the cost for energy
consumption. Among the many casting routes, today about
20 pct of magnesium alloys is cast via the direct chill casting
(DCC) process [3]. This process allows casting a large volume
of magnesium alloys in an energy efficient manner. One of the
major drawbacks in using this technology for magnesium al-
loys is that it costs more compared to steel and aluminum
alloys [4]. It is to be stressed here that DCC process for
magnesium varies significantly from plant to plant and unlike
DCC of aluminum, the magnesium casting plants in this re-
gard keep their own successful casting practices quite guarded.
The direct chill cast magnesium alloys suffer from a
number of unwanted defects, such as hot tears, cold cracks,
center cracks, surface folds, etc. Another technical problem is
that modeled magnesium alloys have a low volumetric heatngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
276 M. Hasan, L. Begum / Journal of Magnesium and Alloys 2 (2014) 275e286capacity and as a result they freeze quickly making the start-up
quite difficult. Since magnesium is highly reactive with oxy-
gen hence during the casting operations care is to be taken so
that such contact does not take place and in this regard during
the DCC operation the top part of the melt delivery system is
kept under pressure using a mixture of CO2 (90% by volume)
and SF6 (10% by volume)gases [5]. Also, one needs to be very
careful while casting these alloys using the DCC process,
since they may cause a hydrogen explosion if the alloys come
accidentally in contact with the primary or secondary cooling
water of the process.
The vertical DCC process, which is used for aluminum,
magnesium and a few other non-ferrous metals like zinc,
copper, etc, is quite complex due to the interactions of various
parameters, like alloy composition, the thermo-physical
properties of the alloy, casting speed, pouring temperature of
the melt, mold length and cross-section, cooling water tem-
perature and its flow rate in the mold and post mold region, etc
[6]. Though this process has seen many improvements over the
past several decades but due to the complex interactions of the
above mentioned factors, the successful operation of this
process still depends upon the prior experience of the opera-
tors gained in earlier years in the plant.
Using a suitable melt delivery system, in a conventional
vertical DCC process superheated molten magnesium alloy is
supplied from the top to a water-cooled open-ended mold.
Before the start of casting, the open bottom end of the mold is
kept plugged by a bottom block (also called a starter block).
When the supplied molten metal level in the bottom-blocked
mold reaches a certain level and the solidified layers form
against the top of the bottom block and the mold faces, the
partially solidified ingot sitting on the top of the starter block
is slowly lowered down towards the casting pit below by the
fitted hydraulic ram on the bottom block. During the lowering
of the block-ingot assembly by the ram its speed is increased
gradually until a constant casting speed is reached. As the
partially solidified ingot containing liquid metal within it exits
the bottom of the mold it is further cooled by directly spraying
mold water in the form of jets or streams from the bottom of
the mold onto the outside surface of the solid shell. The water
stream from the impingement region then forms a continu-
ously falling film down the slab. The indirect cooling of the
metal that takes place in the mold is called primary cooling
where only 10e15% of the heat content of the ingot is
removed by the cooling water circulating through the various
passages within the mold body [3]. Through the direct cooling
of the partially solidified ingot by the water from the mold in
the post mold region (also called secondary cooling region),
the rest (85%e90%) of the total heat content of the ingot is
removed [3]. The process is initially unsteady. However,
depending on the casting speed, the thermo-physical proper-
ties of the magnesium alloy and the cooling conditions in the
mold and post mold regions after about 0.5 me1.0 m length of
casting the process reaches steady state [3]. In a normal slab
casting operation after casting of about 8e10 m in length, the
melt delivery to the mold is stopped and the casting operation
is suspended. The cast is then taken out from the watercontaining casting pit for further downstream processing. The
cast magnesium slabs are usually rolled to produce plates,
sheets, foils and strips for various end applications while the
billets are extruded and forged to form bars, rods, pipes, tubes,
etc. for various practical uses.
Due to the customers' demands for the higher quality
products from the castings, the major manufacturers of the
aluminum and magnesium castings have adopted a number of
technological changes in their DCC practices with a view to
improving the cast quality. Because of the interactions of
several interlinked parameters in this process it is difficult to
prevent the formation of defects by controlling one parameter
at a time. The use of a low-head mold with an active mold
length between 25 and 30 mm has been seen to suppress the
formation of an air gap in the mold. And as a result, the
reheating of the shell is minimized which significantly reduces
exudation, surface macro-segregation and surface cracks, etc.
In this regard, the casting company Wagstaff, Inc. (Spokane
Valley, WA 99206, USA), a major supplier of DC casting
machines, developed a low-head composite (LHC) ingot
casting technology in 80s which the company since has been
marketing to the various aluminum and magnesium casting
industries under their trade name ‘LHC™’ [7]. In comparison
with the conventional DCC mold (which is usually between 70
and 80 mm in length) the LHC mold has been shown to have
the following advantages; it produce casts with a better surface
quality, it offers safer operations, it minimizes scalp rates, it
allows higher casting speeds and results in a longer mold life.
The latter improvements have led to the better cast quality for
a lower cost. In this regard, the interested readers can consult
the recently published book on DCC process [2] for the his-
torical developments, the modern versions of this process as
well as for the various experimental and modeling studies
related to casting of aluminum and magnesium alloys. It is
interesting to note that unlike aluminum alloys, there is not
enough modeling studies available in the literature concerning
the present problem. This can be verified by looking at the
cited references of Hu et al. [8] who very recently, modeled
the 3-D temperature field for a DC cast slab of
800 mm  300 mm cross-section of AZ31 alloy for casting
speeds ranging from 20 to 70 mm/min all for a fixed pouring
temperature of 600 C. They have reported the sold shell
thickness, and the temperature contours and temperature gra-
dients at the wide symmetry plane for various mentioned
casting speeds. Although the paper stated that a thermo-fluid
analysis was carried out but no supporting results have been
reported, nor have they provided any explanation on how the
melt flow analysis was carried out.
To the best knowledge of the authors, no one has ever
modeled the 3-D coupled laminar/turbulent melt and solidifi-
cation heat transfer which take place in a low-head vertical
DCC slab caster for any magnesium alloy and certainly not for
the alloy AZ31 modeled in this study. Since casts of AZ31
slabs of various sizes are produced by the DCC industries, the
objective of the present investigation is to carry out a
comprehensive 3-D numerical simulation study of the L-H
DCC process for the alloy AZ31 in order to gain some
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this alloy and also to provide some useful guidelines and offer
some concrete suggestions to the DCC operators to improve
their casting campaigns with regard to the productivity and the
quality of the casts from the said alloy.
2. Mathematical model
The system modeled is shown schematically in Fig. 1
which represents a low-head rectangular-shaped industrial-
sized caster with an open-top melt feeding system. Since the
modeled geometry has a two-fold symmetry, to save the
computational time and cost only the top left-hand quarter of
the slab is investigated. A fixed domain having dimensions of
2500 mm  865 mm  330 mm in x, y, and z directions,
respectively with its origin located at the central top part of the
ingot with the axial coordinate in the direction of gravity is
modeled. The melt of the alloy AZ31 is considered to have
been supplied at an uniform temperature and velocity along
the entire top cross-section of the mold. The solid-shell which
forms in the mold and in the sub-mold regions is assumed to
move in the axial direction at the selected but constant casting
speed.2.1. Test materialAs stated earlier, the common magnesium alloy AZ31 was
selected to predict the solidification behavior of this alloy in a
vertical direct chill slab casting process. The chemical
composition limits of this alloy are listed in Table 1 [9] and itsFig. 1. Schematic of the low-head DC caster and the computational domain for
an open-top melt feeding scheme.thermo-physical properties are summarized in Table 2 [9]. In
this magnesium alloy, aluminum and zinc are the two major
alloying elements along with other minor elements like man-
ganese, silicon, copper, etc. This alloy possesses good room-
temperature strength and ductility, has good corrosion resis-
tance property and can be welded. The alloy AZ31 finds ap-
plications in many useful products such as aircraft fuselages,
cell phones and laptop cases, intricate components of auto-
mobiles, vibration tests equipment, inspection gauges, speaker
cones, etc. [9].2.2. Assumptions and simplificationsIn order to simplify the modeling effort of the present
complex industrial slab DCC problem, the following realistic
assumptions were invoked:
[1] A fixed-coordinate system (Eulerian approach) was
employed in the simulation.
[2] Local thermodynamic equilibrium during solidification
was assumed to prevail. Heat flow was taken to be very
fast and every point reached equilibrium with its neigh-
boring points instantaneously.
[3] A mushy-fluid solidification model was assumed and pore
formation was ignored.
[4] Flow in the mushy region was modeled similar to a flow
through a porous medium.
[5] Molten aluminum was assumed to behave as an incom-
pressible Newtonian fluid and turbulence effects were
approximated using the popular two equation k  ε model
of turbulence.
[6] Any heat released due to solidesolid transformation was
not taken into consideration. The formation of inter-
metallic compounds during solidifications was ignored.
[7] Evolution of latent heat in the solidification domain was
not influenced by the microscale species transport, that is,
the liquidus and solidus temperatures were fixed.
[8] Because of the lack of experimental results, the variation
of liquid fraction in the mushy zone was assumed to be a
linear function of temperature.
[9] The thermo-physical properties of magnesium alloy were
invariant with respect to the temperature and there was no
viscous dissipation effect. The thermal buoyancy effect
was incorporated in the momentum equations by
employing the Boussinesq approximation.
[10]Only the steady-state phase of the caster's operation was
modeled without taking into account the transient start-up
condition.2.3. Numerical formulation
2.3.1. Governing equations for turbulent melt velocity and
enthalpy
The 3-D general mean transport equations for an incom-
pressible laminar/turbulent melt velocity and enthalpy in a
Table 3
Values of the parameter used in open-top melt delivery arrangement.
Case Casting
speed
(mm/min)
Inlet melt
superheat
(DT ) in (C)
Mold-metal
contact
HTC W/m2 K
Reynolds
number
Peclet
number
1 60 32 1500 1349.01 18.60
2 100 32 1500 2323.53 31.00
3 140 32 1500 3252.41 43.39
4 180 32 1500 4182.27 55.79
5 100 32 750 2323.53 31.00
6 180 32 750 4182.27 55.79
7 100 32 3000 2323.53 31.00
8 180 32 3000 4182.27 55.79
9 100 16 1500 2323.53 31.00
10 180 16 1500 4182.27 55.79
11 100 64 1500 2323.53 31.00
12 180 64 1500 4182.27 55.79
Table 1
Chemical composition limits of AZ31.
Weight% Mg Al Zn Mn Si Cu Cr Others
AZ31 Balance 94.6e96.2 2.5e3.5 0.7e1.3 0.2 min 0.05 max 0.05 max 0.04 max 0.3 max
Table 2
Thermo-physical properties of AZ31.
Variable (unit) Value
Thermal conductivity (liquid or solid) (W/m2 K) 0.096
Specific heat (liquid or solid) (kJ/kg K) 1.05
Latent heat of fusion (kJ/kg) 373.0
Liquidus temperature (C) 630.0
Solidus temperature (C) 575.0
Viscosity (kg/m s) 0.00122
Density (liquid or solid) (kg/m3) 1780
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dimensional partial differential equation. The conservation
equation in the general form at steady state in Cartesian tensor
notation can be written as follows:
vðruiFÞ
vxi
¼ v
vxi

GF
vF
vxi

þ SF ð1Þ
where, r is the melt density and ui is the velocity component in
the xi edirection. For continuity equation F is equal to 1. For
momentum equations it represents the velocity components ui,
while for the energy equation it represents temperature T, and
for the turbulent kinetic energy and its rate of dissipation it
represents k and ε, respectively. GF is the effective diffusion
coefficient of F and SF is the source term of F. The gravity
direction is taken in the positive x-direction. As the gravity
term in the x-momentum equation may have an effect on the
melt flow, the density in the buoyancy force terms is assumed
to be dependent on the temperature field based on the Bous-
sinesq approximation. To calculate the turbulence quantities in
the liquid pool and mushy region the low-Reynolds number
version of the popular keε eddy viscosity concept proposed by
Launder and Sharma [10] were used. The details derivation of
the above general equation and turbulence model can be found
in Begum [11].
The enthalpy-porosity technique was adopted to account for
liquid-mushy and mushy-solid phase changes in the domain,
in which a single set of transport equations was appropriately
applied for the liquid, mushy and solid regions. In order to
model the flow in the mushy zone where 0 < fl < 1, the Darcy's
law of porous media based on the CarmaneKozeny equation
was adopted [12,13]. Equation (1) and the associated boundary
conditions were suitably non-dimensionalized to suppress the
numerical instabilities which often occur during the solution
process of the dimensional discretized equations due to the
large change in the values of the common variable F.
The following dimensionless variables were employed to
non-dimensionalize the governing coupled partial differential
equations and the associated boundary conditions in order toascertain the non-dimensional parameters which govern this
process:
X¼ x
D
; Y ¼ y
D
; Z ¼ z
D
; U ¼ u
uin
; V ¼ v
uin
; W ¼ w
uin
; p* ¼ p
rou
2
in
;
k* ¼ k
u2in
; ε* ¼ εD
u3in
; h* ¼ h
DHf
; DH* ¼ DH
DHf
;m*t ¼
mt
ml
ð2Þ
where D is the hydraulic diameter of the caster, uin is the inlet
velocity and DHf is the latent heat of solidification. All the
appropriate variables of the transport equations in the non-
dimensional form are available in Table 3 in Ref. [14]. The
non-dimensional form of the boundary conditions is also given
in Eqs. (10)e(16) in Ref. [14]. In order to keep the article
short, the non-dimensional transport equations and boundary
conditions are not reported here. The interested readers can
consult the recently published PhD dissertation of Begum
[11], which can be easily obtained free of charge by Googling
the title, for further details.
The values of the effective heat transfer coefficient along
the length of the DC slab caster were varied and were taken
from the very well cited article by Vreeman and Incropera
[15], which are given below:
Adiabatic section:
gðxÞ ¼ 0: kW=m2 K ð0 x<60mmÞ ð3Þ
Mold-metal contact region:
g

x
 ¼ 1:5: kW=m2 K ð60 x<90 mmÞ ð4Þ
Secondary cooling zone:
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xx1
x2x1

gmaxggap

kW

m2K ð90x<100mmÞ
ð5Þ
gðxÞ ¼ gmax þ
x x2
x3 x2

gfilm gmax

kW

m2
K ð100 x<140 mmÞ ð6Þ
gðxÞ ¼ gfilm

x 140 mm ð7Þ
where x1 ¼ 90 mm, x2 ¼ 100, x3 ¼ 140 mm and
gmax ¼ 20.0 W/m2 K, gflim ¼ 10.0 W/m2 K. In the present
study, three different cooling water temperatures, namely 10,
20 and 30 C, respectively for the mold, impingement and
streaming regions have been considered to reflect the reality of
the thermal conditions of the cooling water used by the LeH
DCC industry [16]. A complete description of the solution
methods employed in this work is provided in details in Ref.
[11].
Before carrying out extensive parametric studies the grid
independency tests were first performed using three sets of
successively refined meshes (coarse, moderate, and fine). The
relative difference in the local surface heat flux between the
coarse and fine grids was within 4.0%, indicating that the
coarse grid was sufficient for predicting the results of engi-
neering accuracy. It is to be stressed here that the local surface
heat flux is the most sensitive quantity with regard to grid in
any heat transfer problem and this is particularly true for
turbulent convective heat transfer problems. A comparison
(see Ref. [11]) of the surface temperature profiles showed less
than 1% variation between the fine and course grid systems.
Therefore, the coarse grid ð60 42 24Þ was used for all
production runs reported in this work. The details of the pre-
dicted results along with the comparisons can be found in
Ref. [11].Fig. 2. 3-D surface plots of temperaA code validation test was also carried out by simulating
the solidification of a rolling ingot for AA-3104 alloy, using
the identical experimental casting conditions and set-up for the
vertical DCC process performed by Jones et al. [17]. The
present in-house developed code showed an acceptable
agreement with the experimental data. These results were
presented in Ref. [11] and are not given here to avoid
duplication.
3. Results and discussion
A detailed study of all casting parameters namely, casting
speed, inlet melt superheat, HTC, cooling water flow rate,
mold dimensions, etc. will certainly generate too many results
for an arbitrarily selected 3-D geometry. Since the main pur-
pose of this work is to show the influence on the solidification
behavior of the most important casting parameters hence an
industrial-sized caster with a low-head DC caster was selected
for modeling studies by varying three process parameters,
namely, casting speed, inlet melt superheat, and HTC at the
metal-mold contact region. A set of twelve separate cases for
the AZ31 alloy which is listed in Table 3 were selected to
convey the most important casting information.3.1. Temperature and velocity fields for cases (1e4) of
Table 3The surface temperature distributions in flooded format are
presented in Fig. 2(ieiv) for the range of casting speed from
60 to 180 mm/min representing cases (1e4) of Table 3. These
numerically predicted temperature data clearly show the pro-
gression of the solidification process for the above mentioned
cases. The solidification range of magnesium alloy AZ31 is
55 C which is an intermediate freezing range alloy. The
present results indicate that the mushy region, which isture field for four cases (1e4).
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therms, is expanded as the casting speed is increased due to the
stronger thermal convective effects. Furthermore, a classical
parabolic-shaped solidification front is seen to have been
developed particularly if one looks from the central axis at
each casting speed. Since near the wall the melt loses super-
heat and as a result the effect of thermal convection reduces
compared to thermal conduction effect as the melt moves from
the wall region to the central region. The parabolic shape of
the solidification profile is the manifestation of the above fact.
As the casting speed increases the solidification front as wellFig. 3. Longitudinal 2-D view of temperatureas the other isotherms are becoming steeper and are moving
downward, which has already been found by several other
authors [18,19].
Fig. 2(ieiv) shows only the temperature fields for the two
symmetric planes (xey and xez planes) and for the top free
surface. In order to assess the melt flow and heat transfer along
the longitudinal planes of the domain, the 2-D projections of the
temperature and velocity fields at the wide symmetry plane
(z ¼ 0) and parallel to the wide symmetry plane at two inward
locations, viz., z ¼ 62.5 mm, and z ¼ 312.5 mm, for two
cases (1 and 4) are selected. The right hand panels ofcontours and velocity vectors for case 1.
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symmetry plane (z ¼ 0) for two casting speeds of 60 and
180 mm/min. As mentioned earlier, in this study it has been
assumed that the melt is delivered uniformly at a specified
casting speed across the entire top cross-section. Due to this
simple melt feeding system, from these figures it can be clearly
seen that all of the melt flows downward. Along the narrow face
a part of the vertical melt that are adjacent to the wall is diverted
by the developed solidified shell, and then they move along the
solidification front. A comparison between these two figures
shows that the magnitude of the resultant velocity vectorFig. 4. Longitudinal 2-D view of temperatureincreases with the increase of the casting speed. The above
observation is due to the conservation of mass into the domain.
The right hand panels of Figs. 3(b) and 4(b) are plots for the
velocity fields on the longitudinal planes at an inward distance
of z ¼ 62.5 mm for the same casting speeds. As depicted in
those figures, the developing solidified shell is still obstructing
the corner stream. The right hand panels of Figs. 3(c) and 4(c)
are showing the velocity fields at z ¼ 312.5 mm. Notice that
the plane at z ¼ 312.5 mm is nearer to the rolling face. The
difference among the three planes is that for z ¼ 312.5 mm the
flow is moving downward uniformly without any obstruction.contours and velocity vectors for case 4.
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and the magnitude of the velocity vectors there is slightly
higher than the corresponding casting speed, which signifies
that the melt is accelerated in this plane with respect to the
imposed casting speed on the solidified shell.
The heat transfer rate increases as one proceeds from the
heated ingot center toward the cooled wall. The numerically
predicted temperature contours at the three longitudinal planes
give a better visualization of this trend. The location of a fixed
isotherm is seen to have been lifted upward progressively at
two inward planes at z ¼ 62.5 mm and z ¼ 312.5 mm with
respect to the wide symmetry plane at z ¼ 0 mm. The left hand
panels of Figs. 3(a) and 4(a), Figs. 3(b) and 4(b), and Figs. 3(c)
and 4(c) also show the impact of the change in casting speed
on the temperature fields. The results in these figures depict
that all the isotherms have moved downward and the width of
the mushy region is increasing with increasing casting speeds.Fig. 5. Contours of solidus and liquidus temperatures at varioAmong the various possible options to represent the so-
lidification heat transfer phenomena, the 2-D transverse cross-
sectional planes ( yez plane) are chosen to get a vivid picture
of the solidification process happening within the ingot. The
liquidus and solidus isotherms are plotted in Fig. 5(a)e(d) for
four cases (1e4). A total of seven transverse cross-sections
starting from the top up to an axial distance of 700 mm
have been selected. The numerical results show that a nearly
uniform thick solid shell on the narrow and wide faces is
formed and as one moves downward the extent of the solid
shell increases progressively. Since more heat is being
extracted from the ingot through the mold and by the chilled
water jets both of the latter factor are contributing in
increasing the thickness of the solid-shell along the cast di-
rection. It appears from the progression of the solid-shell
thickness that an almost uniform rate of heat extraction is
taking place from both the sides. At the corner region heat isus transverse cross-sectional planes for four cases (1e4).
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has resulted in a higher rate of heat extraction at that location
compared to the other places. As a result, an almost round-
shaped solid layer and mushy zone have formed there. The
location of the solidus isotherm with the decrease in the
casting speeds has shifted more toward the ingot center over
each cross-section compared to the higher casting speed,
which can be clearly seen in the above figures. The primary
reason in the reduction of heat transfer with increasing casting
speed is that for a higher casting speed the amount of
incoming melt as well as the energy content of the melt are
both higher.3.2. Quantitative analysis for DT ¼ 32 C
3.2.1. Sump depth and mushy layer thickness
The sump depth and mushy thickness are indirect indicators
of the quality of the cast. The latter two quantities were ob-
tained by post processing the predicted temperatures from the
CFD model. In this regard, the numerically predicted sump
depth and the mushy layer thickness at the ingot center for
four cases (1e4) are provided in Table 4. The present authors
are surprised by the fact that in none of the vast literature on
DCC process has reported the quantitative values of the sump
depth and mushy thickness for any alloy. A closer look at this
table shows that a deeper sump and a thicker mushy layer have
developed at a higher casting speed. To get a comparative
picture of the effect of the casting speed on sump depth and
mushy thickness the lowest casting speed of 60 mm/min was
taken as the base case for relative comparisons. The sump
depth is found to be approximately 487.803 mm from the top
of the mold for a withdrawal speed of 60 mm/min. The relative
difference in sump depth for higher casting speeds of 100, 140,
and 180 mm/min, is respectively about 79.72%, 197.47%,
308.75% higher. For the casting speed of 60 mm/min, the
mushy thickness is found to be 318.091 mm, whereas for
casting speeds of 100 mm/min, 140 mm/min, and 180 mm/
min, the mushy thickness increases by 80.52%, 215.91%, and
333.614%, respectively compared to the casting speed of
60 mm/min. The reason for the proportionate increase of the
mushy layer thickness is difficult to explain, since a complex
interaction between the flow and thermal field prevails in
that region.
3.2.2. Predicted shell thickness
As the casting speed influences the growth rate of the solid
shell, the predicted shell thickness from the narrow side at the
wide symmetry plane and from the wide side at the narrowTable 4
Sump depth and mushy thickness in mm at the ingot center for cases (1e4).
Quantity Values of casting speed (us) in mm/min
60 100 140 180
Sump depth (mm) 487.80 876.70 1451.059 1993.871
Mushy thickness (mm) 318.091 574.214 1004.893 1377.614symmetry plane at the exit of the mold are plotted in the form
of a bar chart in Fig. 6 in order to get a quantitative picture of
the differences among the results for four cases (1e4). The
numerical value of the predicted shell thickness (in mm) is
provided inside each bar of the chart of Fig. 6. For both lo-
cations, with the increase of the casting speed the shell
thickness decreases which is consistent with the physics of the
problem. The rate of decrease of the shell thickness is smaller
for the higher casting speeds (>100 mm/min) compared to the
lower casting speeds (<100 mm/min). The shell thickness
results further show that the rate of growth of the shell at the
center of the narrow side is greater compared to the center of
the rolling face for all four simulated casting speeds. The
reason behind this is the proximity of the middle of the narrow
side from the slab corner (region of high heat extraction)
compared to the middle of the wide slab side.
3.2.3. Predicted strand surface temperature
Fig. 7(a) and (b) illustrates the temperature distributions
along the caster for two cases (1 and 4) which correspond to
the casting speed of 60 and 180 mm/min, respectively. It is to
be realized that the surface temperatures were not known
initially. In order to obtain the surface temperature at each grid
location, a heat balance on the control volume corresponding
to the grid point was done after the converged solution was
obtained. A total of four strategic locations are selected in this
study, namely: (a) center; (b) mid-distance of the wide face;
(c) mid-distance of the narrow face; and (d) corner point of the
caster to portray the surface temperatures. These locations are
thought to be the most probable sensitive zone for the de-
velopments of the compressive and tensile stresses. The four
locations are given on the top of Fig. 7(a) and (b). Except for
the temperature at the ingot central region, the temperatures
are seen to follow the same pattern at three other locations.
The temperature drops sharply from the top of the mold up to
the initial part of the cooling water streaming zone .i.e. in the
region within 60 mme122 from the top surface. Beyond that
region the surface temperatures are seen to rebound due to the
imposition of a lower heat transfer coefficient and higherFig. 6. Shell thickness at the middle of the slab faces at mold exit vs. casting
speed for cases (1e4).
Fig. 7. Variations of surface temperature along the axial direction of the strand
at four locations of the caster for: (a) us ¼ 60 mm/min (case-1) (b)
us ¼ 180 mm/min (case-4).
Fig. 8. Shell thickness at the middle of the narrow face at mold exit vs.
effective HTC (W/m2-K) for six cases (2, 4, and 5e8).
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conditions (refer to Section 2.3.1). It is to be noted that in the
DCC process the cooling water for the impingement region
and for the free streaming region comes from the bottom of the
mold and as a results the water temperatures in the two regions
increase due to the gain of heat from the ingot. The surface
temperatures increased by about 7 C within the length of
about 20 mm (142 mm from the top) in the streaming zone and
then they decreased gradually up to the end of the simulated
casting length. The rebound of the surface temperatures could
promote cold crack along with other surface cracks. The
corner temperatures in both the figures show relatively lower
values with respect to the other locations due to the simulta-
neous extractions of heat through the wide and narrow sides of
the slab. The temperatures at the ingot center in the cast di-
rection are the highest compared to the temperatures at three
other locations as expected. A comparison of the two figures
clearly show that for a higher casting speed the surface re-
mains overheated for the same axial location compared to the
lower casting speed. This trend is visible in all the four ingot
locations. The reason behind this is the fact that thepredictions were carried out for the lower and higher casting
speeds by invoking the same convective heat transfer boundary
conditions without considering the enhanced cooling re-
quirements for a higher casting speed.3.3. Effect of primary coolant heat transfer coefficientThere are serious disagreements among the researchers
working in this field regarding the values of the effective heat
transfer coefficients in the mold region. From the literature one
gets conflicting values of the HTCs in the metal-mold contact
region. Even the well refereed literature on this issue has re-
ported a wide range of values for the HTCs. In the metal-mold
contact region, a value of HTC ranging from 1000 to 5000 W/
(m2-K) has been reported in the well-cited literature [2,3]. In
order to ascertain the impact of the heat transfer coefficient
(HTC) at the mold-metal contact region, for an inlet superheat
of 32 C, three HTCs values of 750, 1500 and 3000 W/m2 K
were selected for the two casting speeds namely, 100 mm/min
and 180 mm/min. Fig. 8 reports the values of the shell
thickness against the HTCs in the form of a bar chart for the
above mentioned two casting speeds.
The shell thickness is estimated from the temperature
profiles at the mold exit at an axial distance of 90 mm from the
top surface on the wide symmetry plane from the narrow face.
It can be seen that for an increase of HTC the magnitude of the
shell thickness increases. Similar trends are found for both
casting speeds. For a fixed HTC, the shell thickness decreases
with casting speed as noticed earlier. For a lower casting speed
of 100 mm/min, an increase of the HTC from 750 to 1500 W/
(m2-K) has caused an enhancement of 6.67% in solid-shell
thickness and for the increase of HTC from 1500 to
3000 W/(m2-K) the increment is almost the same and is
approximately 6.79%. For a higher casting speed of 180 mm/
min, the corresponding increase in the shell thickness is about
37.45%, and 28.64%, respectively. Hence, it is clear that the
effect of lower HTCs (from 750 to 1500 W/m2-K) on shell
thickness is more pronounced at a higher casting speed.
Fig. 9. Shell thickness at the middle of the narrow face at mold exit vs. melt
superheat (C) for six cases (2, 4, and 9e12).
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thicknessThe inlet melt superheat is usually fixed by the casting
operator in advance of the casting campaign. If a too low
superheat is used there could a possibility of the melt-freeze in
the launder-trough assembly during delivery of the melt into
the mold which in turn could lead to the suspension of the
casting process. On the contrary, if a very high inlet melt su-
perheat is imposed, there could be the possibility of the for-
mation of inter-metallic compounds which would adversely
affect the quality of the cast. To study the effect of inlet melt
superheat, a total of three superheats, namely 16, 32 and 64 C
were selected for each of the two casting speeds of 100 and
180 mm/min. The results of the shell thickness at the wide-
symmetry plane from the narrow face at the exit of the mold
are presented in Fig. 9 in the form of a bar chart for easy
understanding. It can be seen from the above figure that for an
increase of the superheat, the magnitude of the shell thickness
decreases as technically expected. The latter observation is
true for both casting speeds. For a lower casting speed of
100 mm/min an increase of the superheat from 16 to 32 C has
caused in the reduction of shell thickness of only about 1.45%,
but for the increase of superheat from 32 to 64 C the decrease
of shell thickness is relatively greater and is about 5.41%. On
the contrary, for a higher casting speed of 180 mm/min, the
corresponding decrease in shell thickness is about 3.68% and
26.35%, respectively. The predicted results thus indicate that
at a higher casting speed the change in superheat from 32 to
64 C causes a greater impact on the solidification process.
4. Conclusions
After investigating the effects of the casting speed, inlet
melt superheat and effective heat transfer coefficient at the
metal-mold contact region through the 3-D turbulent CFD
modeling study of a low-head, vertical DC slab casting process
for the magnesium alloy AZ31, the following conclusions
were drawn:[1] For the range of casting speeds from 60 to 180 mm/min,
for the superheat range of 16 Ce64 C and for the metal-
mold effective heat transfer coefficient ranging between
750 W/m2 K to 3000 W/m2 K the sump depth and the
mushy thickness at the center of the ingot do remain
confined within the simulated axial length of 2500-mm of
the caster.
[2] A shallower sump and a lower depth of the melt pool at
the center of the caster are obtained for the lower casting
speeds compared to the higher casting speeds. For the
standard cases of 1e4 of Table 3, the sump depth (SD in
mm) and the melt pool depth (MP in mm) can be repre-
sented respectively by the following linear equations with
regard to the casting speed (us in mm/min):
SD ¼ 325.41 þ 12.74us (R2 ¼ 0.993) and
MP ¼ 264.07 þ 9.02us (R2 ¼ 0.99)
[3] The vertical extent of the mushy region (which is
bounded by the liquidus and solidus temperatures of the
alloy) at the ingot center increases with the increase of
the casting speed. For the standard cases of 1e4 of Table
3, the mushy thickness (MT in mm) can be represented
by the following linear equation with regard to the
casting speed (us in mm/min): MT ¼ 264.07 þ 9.02us
(R2 ¼ 0.99)
[4] The solid shell thickness at the exit of the mold decreases
with the increase in the casting speed which also resulted
in the increase of the surface temperatures of the strand.
[5] The shell thickness at the mold exit decreases with the
increase of the pouring temperature (melt superheat) and
the reduction in shell thickness is more significant for the
higher range of the superheat, particularly at the higher
casting speed.
[6] For a constant cooling water temperature in the mold,
with a higher imposed HTC at the metal-mold contact
region the shell thickness at the mold exit is greater. The
enhancement of the shell thickness is more pronounced
for the lower HTCs at higher casting speeds compared to
the lower casting speeds.
[7] The higher casting speeds have resulted in the stronger
thermal convective flows in the melt pool and in the
mushy region compared to the lower casting speeds. The
implication of this is that a greater number of broken
dendrites can be expected for the higher casting speeds for
this predominantly forced convective melt flow system
and thus the macro-segregation patterns within the cast
will be different for higher casting speeds compared to the
lower casting speeds.Acknowledgments
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ap, anb, b coefficients in the discretized governing equations
c1; c2; cm empirical constants for low Reynolds number
model
cp specific heat
C morphology constant
D hydraulic diameter of the caster (the entire cross-
section of the ingot)
Dk extra dissipation term in k-equation
Eε extra generation term in ε-equation
f1, f2, fm empirical constants used in low-Re version of kee
models
fl liquid fraction
fs solid fraction
G production term in turbulent kinetic energy equation
Gr Grashof number
Grm modified Grashof number (Gr/Ste)
h sensible heat
h∞ ambient enthalpy
H total heat (sensible and latent)
k turbulent kinetic energy
P hydrodynamic pressure
Pe Peclet number
Pr laminar Prandtl number
Re Reynolds number
Ret turbulent Reynolds number based on the turbulent
quantities
S source term
SF source term associated with F
Sk* non-dimensional source term associated with buoy-
ancy term in k-equation
S
ε
* non-dimensional source term associated with buoy-
ancy term in ε-equation
Ste Stefan number
T temperature
T 0 fluctuation of temperature
Tin inlet temperature
Tl liquidus temperature
Ts solidus temperature
Tsurf slab surface temperature
ui velocity component in the i-th direction; corre-
sponding to u
ui time-average velocity component in the i-th direction
u0i fluctuation of velocity in the i-th direction
uin inlet velocity
us casting speed
U, V, W non-dimensional form of the u, v and w velocities
Us non-dimensional form of us
x axial direction
y horizontal direction parallel to the wide face
z horizontal direction parallel to the narrow face
X, Y, Z non-dimensional form of x, y, z
i, j, k coordinate directionGreek symbols
DH nodal latent heat
DHf latent heat of solidification
G4 diffusion coefficient associated with F
r alloy density
ml laminar viscosity
mt turbulent viscosity or eddy diffusivity
me effective viscosity equal to ml þ mt
F generalized dependent variable
Geff effective diffusivity
e rate of energy dissipation
ein inlet rate of energy dissipation
g effective convective heat transfer coefficient
sk, se turbulence model constants
st turbulent Prandtl number
Superscripts
* non-dimensional variables
e time-averaged variables
0 fluctuation of variables.References
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